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Novel Bioactive Functionally Graded Coatings
on Ti6Al4V**

By Jose M. Gomez-Vega, Eduardo Saiz,
Antoni P. Tomsia,* Takeo Oku, Katsuaki Suganuma,
Grayson W. Marshall, and Sally J. Marshall

The use of ceramics in medicine has increased tremen-
dously during the past decades, and it is anticipated that
the use of bioceramics will increase dramatically during the
next millennium. An estimated 11 million people in the
United States have at least one medical-device implant.m
Today, more than 500000 arthroplastic procedures and to-
tal joint replacements are performed annually in the U.S.
alone.”) Moreover, as the population receiving such im-
plants becomes younger, this number is likely to increase.
This has motivated significant effort towards improving im-
plant performance through the design of artificial bone-like
materials. A variety of bioceramics have been developed
and produced, but (despite their excellent biological per-
formance) only a few of them have been used in clinical
applications (mainly in non- or low-load-bearing implants),
on account of their poor mechanical strength. As a conse-
quence, metals such as Ti and alloys Co—Cr are being used
for implants where high strength is required. At best, they
are bioinert. For better osteointegration, metals need to be
coated with a bioactive material, and the most common
technique is to use plasma-sprayed coatings of hydroxyapa-
tite (HA).34 Typically, the plasma-sprayed coatings consist
of a mixture of amorphous and crystalline phases.[5] The
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fast dissolution of the amorphous phase and some of the
crystalline products like tricalcium phosphate (TCP) de-
grade the stability of the coating.l’! Further heat treatment
to improve crystallinity often results in cracking and loss of
adhesion.”! Some of the major causes of failure of HA-
coated metal orthopedic and dental implants appear to re-
side in the coating.”) Clearly, new coatings for implant ma-
terials are needed. Indeed, Kasemo and Gold® suggested
that future progress in biomaterials must include the devel-
opment of coatings with programmed dissolution of multi-
layer surfaces. Such surfaces would provide new opportu-
nities to optimize the biomaterial coating surface for
different periods of the healing-in phase. This programmed
dissolution can then be used to expose different micro-ar-
chitectures, chemical patterns, and porosities at various
times. Fabrication of coatings for medical applications in-
volves a compromise between adhesion, mechanical stabil-
ity, and bioactivity, but coatings that satisfy all these re-
quirements are extremely difficult to develop.

Graded bioactive glass coatings can provide an answer to
that challenge. Graded or layered materials have been used
for years in specific applications to improve bonds between
dissimilar materials, coating adherence, and compatibility
between fibers and matrices in composites.[g'“] Recently,
such materials have been formally classified as functionally
graded materials (FGMs), leading to expanded work on
improving their processing and comprehending their prop-
erties. By controlling the gradient in the glass composition
(i.e., in the glass structure) along the coating, good adhe-
sion to the metal can be combined with rapid biofixation
and long-term stability.

As a first step towards the development of graded coat-
ings, a new family of glasses in the SiO,~CaO-MgO-
Na,0-K,0-P,05 system has been developed. The compo-
sitions of the glasses are related to that of Bioglass
(BG),l” but with MgO and K,O substituted for CaO and
Na,O. These additions alter the thermal expansion and
softening points such that enameling can be carried out be-
low the oo — B transformation of Ti in the alloy Ti6Al4V
(955-1010°C), without generating large thermal stresses.
The silica content of the glasses ranges between 45 and
68 wt.-%. The thermal expansion coefficients (CTE) are in
the range of 8.8 to 15.1 x 107°°C!, which includes the CTE
of Ti6Al4V (~9.6 x 107 °C™). The nominal compositions of
the glasses and their main thermal properties are listed in
Table 1.

The coatings were fabricated using a conventional enam-
eling technique. Because of the high reactivity of Ti alloys,
a fast-firing procedure has been developed to control reac-
tivity and provide excellent adhesion (see experimental
section). The reaction sequence at the glass/metal inter-
faces during firing was evaluated using a combination of
X-ray diffraction (XRD), scanning electron microscopy
(SEM) of cross sections and fracture surfaces, and high-res-
olution transmission electron microscopy (HRTEM) com-
bined with energy-dispersive spectroscopy (EDS). During
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Table 1. Glass compositions (in wt.-%) and their thermal properties.

Si0; Na;0 K:0 CaO MgO P05 CTE[a] Tg[b] Tilc]
pofc’ e e

Bioglass 45.0 24.5 24.5 6.0 15.1 511 557
6P44-a 442 236 6.5 126 7.1 6.0 15.6 449 503
6P44-b 442 170 46 18.0 10.2 6.0 13.0 516 560
6P44-c 442 103 2.8 234 133 6.0 113 527 599
6P50 49.8 155 4.2 156 8.9 6.0 12.2 522 560
6P53-a 527 170 4.6 126 7.1 6.0 129 530 565
6P53-b 527 103 2.8 18.0 102 6.0 11.5 531 608
GP55 545 120 4.0 150 8.5 6.0 11.0 548 602
6P57 565 11.0 3.0 150 8.5 6.0 10.8 557 609
6P61 61.1 10.3 2.8 126 7.2 6.0 10.2 564 624
6P68 677 83 22 100 57 60 88 565 644

[a] Measured between 200 and 400°C. [b] Transition temperature.
[c] Softening temperature.

heating, gas flows easily through the porous deposited coat-
ing, forming a titanium oxide (firing in air) or nitride (firing
in N) layer on the alloy surface. When the glass softens
and flows, it dissolves the oxides or reacts with the nitrides.
Once they have been completely removed, redox reactions
at the glass/metal interface occur. A key processing factor
is the control of the interfacial reaction between the glass
and the alloy. The main reaction is the formation of tita-
nium silicide (3 SiO, [glass} + 5Ti — TisSi; + 30,). The
interfaces with optimum adhesion exhibit a nanostructured
interfacial silicide layer. In indentations performed on pol-
ished cross sections of these coatings, cracks did not propa-
gate along the glass/metal interface, but rather tended to
be driven into the glass coating (Fig. 1), which is a qualita-
tive indication of a strong glass/metal adhesion. If a thin
TiO, or TiN, layer remains at the interface, the coatings

TiBAI4V

Fig. 1. a) Cross section of a 6P57 coating fired in air (800 °C/30 s). b) Vickers
indentation (0.2 kg load in ambient air) at the 6P57/Ti6Al4V interface. The
cracks did not propagate along the glass/meltal interface, but are driven inlo
the coating, suggesting a strong glass/metal adhesion.

MATERIALS

easily delaminate. Excessive reaction is also undesirable
because it results in the generation of bubbles in the coat-
ing resulting from the excess of liberated oxygen and the
formation of a thick and brittle silicide layer at the inter-
face.

A TEM image of the glass 6P57/Ti6Al4V interface an-
nealed at 800°C for 30 s is shown in Figure 2. An interfa-
cial TisSiz layer, ~150 nm thick, can be observed. The layer

(@) 6P57

TisSi; layer

Fig. 2. HRTEM analysis of a 6P57 coaling fired in air (800 °C/30 s) showing
the presence of a TisSi; interfacial layer. a) General view. b) Ti6Al4V/TisSi;
interface. ¢) 6P57/TisSis interface.

is divided into two regions: a continuous nanocrystalline
layer in contact with the alloy and, on top of it, a zone with
isolated TisSi3 nanoparticles dispersed in the glass. The ap-
pearance of isolated particles on the TEM image can also
result from the growth of elongated silicide grains, or den-
drites, from the continuous layer into the glass. These den-
drites may appear as isolated particles wherever they inter-
sect the cross section. Figure 2b corresponds to the TisSis/
alloy interface, where the lattice fringes of Ti {100} and
TisSi; {121} are visible. A good lattice match exists between
them, which can help in obtaining good adhesion. The
glass/TisSiz interface is shown in Figure 2c. The size of the
particles is in the range of ~20 nm, and TisSi; lattice fringes
can be observed ({120}, {010}, and {012}).

All our attempts to coat Ti6AI4V with a single layer of
Bioglass failed, because of cracking and excessive crystalli-
zation. The experiments have shown that there is a narrow
range of glass compositions in the Si0,-CaO-MgO-Na,O-
K,0-P,05 system that can be used to coat Ti or Ti6AI4V
and that also form apatite (the mineral component of the
bone) during in-vitro tests in simulated body fluid (SBF)
(as displayed in Fig. 3).I"") Glasses with silica contents
above this range are able to form adherent coatings, but
are not bioactive. Glasses with less SiO, have enhanced dis-
solution rates and precipitate apatite readily when im-
mersed in SBF. During in-vivo studies, bone grows into po-
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Na,0-K,0
| Can coat TiBAI4V directly
Can be used in multilayer coatings

7/ Produce apatite "in vitro"

Fig. 3. Compositional triangle showing the range of glass compositions that
can coat directly Ti6AI4V vs. those that can be used in graded coating with-
out cracking. The range of bioactive compositions is also indicated.

rous glass 6P55 as the material is progressively substituted
by mature osseous tissue.'""! However, their CTE is too
high compared to that of Ti and Ti6Al4V, and large ther-
mal stresses are induced during processing, resulting in
cracked coatings. Thus, one motivation for developing
graded coating is to reduce thermal stresses, so that a coat-
ing can be developed that has both a bioactive surface and
an excellent adhesion to the metal. As an added advantage,
the composition of the glass joining the metal can be such
that its dissolution rate in body fluids is very limited (by
using glasses with high SiO, content), thus enhancing the
long-term coating stability.

The basic enameling technique developed in this work
was modified to prepare graded coatings. Layers of glasses
with different compositions and mixtures of glass and HA
were sequentially deposited on the metal and then fast-
fired under the conditions that provide optimum adhesion
for the glass in contact with the alloy. The elemental EDS
analysis along the cross sections of multilayer coatings re-
veals a stepwise variation in, the concentration of the glass
components (with the exception of Na,0) that corresponds
to the composition of the different deposited glass layers
(Fig. 4). The concentration of Na,O varied gradually across
the coating,

The control of the gradient development during firing is
critical in the fabrication of layered coatings. Two mecha-
nisms control the development of the gradient during heat
treatment: interdiffusion of the glass components and infil-
tration of one glass layer into another. Infiltration between
adjacent glass layers can occur as a result of the different
softening points (7) of the glasses. Glasses with lower SiO,
soften at lower temperature and, consequently, may infil-
trate during heating a neighboring layer with higher silica
content, which remains porous. The EDS analysis indicates
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Fig. 4. a) EDS elemental analysis along the cross section of a graded coating
(6P61/6P55/6P53) fired in N3 for 800°C, 1 min. b) EDS line analysis of the
6P57/HA interface in a coating fired in air at 820°C for 30 s.

that because of the short firing times, infiltration and inter-
diffusion (with the exception of sodium) are limited to a
few micrometers (<5 pm). The diffusion coefficient of Na'*
in soda-lima-silicate glasses ranges typically between
10°-107 cm?/s at temperatures between 800-900 °C and is
several orders of magnitude higher than for the other com-
ponents."” During firing, sodium interdiffusion is fast
enough to generate a smooth Na,O profile even for the
short firing times used in this work (Fig. 3). The short firing
times and low temperatures also allow the introduction of
synthetic hydroxyapatite particles to improve bioactivity
without any deleterious reaction (Fig. 3b).'" Bi-layered
coatings containing an internal layer (~50 um thick) of
glasses 6P61 or 6P68, and an external layer (~20 pm thick)
formed by a mixture of glasses 6P61 or 6P57 and HA (with
hydroxyapatite contents as high as 50 wt.-%) have been
prepared without cracking or delamination. The use of
several firing steps (one for each deposited layer) was also
investigated, but the successive heat treatments resulted in
overreaction at the glass/metal interface.

During in-vitro testing in SBF, calcium phosphate crys-
tals precipitated on the coatings with surface silica contents
lower than 57 wt.-%. Fourier transform infrared spectromi-
croscopy (FTIRSM) and X-ray analysis of the precipitates
identify them as apatite (Fig. 5). The apatite grows in the
form of oriented nanocrystals, with the c-axis perpendicular
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Fig. 5. Apalite crystals that formed on the surface of a 6P57 coating after
immersion in SBF for 30 days and their FTIRSM analysis. FTIRSM analysis
of the synthetic HA used in this work and of glass 6P57 is also shown (peak
assignment from ref. [22]).

to the substrate. The EDS analysis indicates that the apa-
tite crystals incorporate 1 to 5 wt.-% MgO in their struc-
ture substituting for CaO. The mechanism of apatite forma-
tion is similar to the one described by Hench for glasses in
the SiO,-CaO-Na,O-P,0s system.!'"”) This involves the
leaching of CaO, Na;0, and P,0s, and the formation of an
amorphous calcium phosphate layer on which the apatite
crystallizes. One advantage of the graded coatings is that
by introducing HA-containing layers, the time required for
apatite precipitation in vitro is reduced on average by half
with respect to the times observed in single-layer glass
coatings. The preliminary data indicates that the HA parti-
cles act as nucleation centers for the precipitation of new
apatite. The closed structure of glasses with high silica con-
tent impedes the ion exchange necessary for apatite forma-
tion."™ Our analysis indicates that no appreciable corro-
sion of 6P61 or 6P68 glass layers in SBF occurs for times up
to 4 months, suggesting that their use in multilayer coatings
can provide effective protection of the alloy from the body
fluid, increasing the long-term stability of the coating.

The low glass/metal thickness ratio of the coatings
(<1:20) suggests that only a moderate relief of thermal
stress on the external layer of multilayered coatings should
be expected using the graded approach. Nevertheless, for
thin coatings, a gradient can markedly diminish the driving
force for either cracking or delamination. In addition,
stresses are singular where interfaces intersect the edges of
samples, explaining why cracking originates at such places.
These singularities are eliminated by continuous gradients;
with multilayer coatings, the strength of these singularities
is diminished inversely with the number of layers."” The
mechanical benefits of the graded approach allowed the
preparation of layers with lower silica content (which con-
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sequently made the layers more bioactive) or with glass/
HA composites, maintaining strong adhesion at the glass/
metal interface. Layers with silica content as low as
53 wt.-% or containing as much as 50 wt.-% of synthetic
hydroxyapatite were successfully prepared using the multi-
layer method. Because of the thermal expansion mismatch
and the resulting high thermal stresses generated during
processing, all those layers cracked or delaminated when
applied directly to the alloy.

It is possible to design gradients for which the residual
stress distribution of the coating change from a surface un-
der tension to a compressive stress for the glass in contact
with the metal (using glasses in contact with the substrate
with lower thermal expansion than the alloy). Recent theo-
retical and experimental studies have shown that such
stress distributions are effective in arresting crack growth.
In this way, coatings are more resistant to fatigue and can
be fabricated with more reliable mechanical proper-
ties.?*?!) Owing to their low silica content, single-layer
bioactive coatings are under tension, and they are prone to
corrosion. During in-vitro tests, cracks grew in the coating,
reaching the metal and initiating delamination (Fig. 6). By
using the graded approach, glass layers with high silica con-
tent that are under compression and more resistant to cor-
rosion (e.g., glass 6P68) can be placed in contact with the
metal. During immersion in SBF for times up to 4 months,
the high-silica layers effectively arrested the growth of
cracks that formed at the coating surface due to stress cor-
rosion before they reached the glass/metal interface.

Fig. 6. Crack formed in a single-layer 6P57 coating after 2 months immer-
sion in SBF. The crack reached the metal and corrosion has been initiated at
the glass/metal interface.

In conclusion, because all attempts to coat the alloy with
Bioglass failed, a new family of silicate-based glasses with
composition tailored to match the thermal expansion coef-
ficient of Ti and Ti6Al4V has been developed to coat me-
tallic implants, using a simple enameling technique. Only a
narrow range of compositions in the SiO,-CaO-MgO-
Na,0-K,;0-P,0s5 system are able to form apatite during
in-vitro tests and that can be used to coat Ti and Ti6Al4V.
Because of their high silica content, the bioactivity of these
compositions is limited. To better adjust the properties of
the coating (in particular, to enhance bioactivity and in-
crease chemical and mechanical stability), a multilayer ap-




Communications

proach has been used to fabricate graded glass coatings on
Ti6Al4V. Graded coatings with a corrosion-resistant glass
composition protecting the metal and surface silica con-
tents as low as 53 wt.-% were successfully fabricated. Also,
layers containing as much as 50 wt.-% of synthetic hy-
droxyapatite were prepared with no appreciable degrada-
tion of the HA. The preliminary adhesion tests indicate a
strong glass/metal bond, while at the same time the coat-
ings form apatite on their surfaces when tested in vitro. The
multilayer coating approach used in this work provides an
exciting prospect for engineering new implant coatings.

Experimental

The glasses were fabricated following a conventional procedure de-
scribed elsewhere [14], and their thermal properties were evaluated by dila-
tometry. The coatings were prepared using a standard enameling technique
in which glass or glass’HA suspensions in ethanol (particle size <20 um)
were sequentially deposited on Ti6AI4V plates (99 % purity, 15 x 10 x
1 mm®) to prepare the required multilayers. After the deposition, the sam-
ples were dried 20 h in air at 60 °C to eliminate organics and fired in air or
N, to make the glass flow and adhere to the metal. The heating rates varied
between 25 and 40 °C/min, and firing temperatures ranged between 800 and
840°C, with higher temperatures for the glasses with higher softening points.
The optimum firing times varied between 0 and 60 s in air and 1 and 15 min
in N,. The final coating thickness ranged between 50 and 70 pm.

Samples for HRTEM were prepared by cutting cross sections of the
glass/Ti6AI4V interface. The sections were ground to a thickness of
~100 um with emery paper, and then fixed onto a Cu mesh with 3 mm diam-
eter. The disks were polished with a dimple grinder (Gatan, Model 656) to
less than 20 pm in thickness and milled by argon ion-milling (E. A.
Fischione Instruments, Inc. Model 3000) at an accelerating voltage of 2 1o
4 kV. HRTEM observations were performed with a 1250 kV electron micro-
scope (ARM-1250 kV) having a point-to-point resolution of 0.12 nm.

The behavior of the glasses and coatings in SBF was studied by in-vitro
tests. Glass plates and coatings (area ~10 x 10 mm?) were soaked in SBF
[11] at a constant temperature of 36.5 °C for different times up to 4 months.
After soaking, the samples were analyzed by XRD, SEM with associated
EDS and FTIRSM in the advanced light source (ALS) at the Lawrence
Berkeley National Laboratory. The FTTRSM uses the synchrotron beam at
the ALS as an external light source in a Nicolet Magna 760 bench with
Nic-Plan IR Microscope, which allows focusing the beam in very small di-
ameters with little foss of signal. With a 32x objective, the full width, half
maximum spot size is ~10 pm; this spot size becomes diffraction limited at
longer wavelengths. The spectra were taken in the reflectance mode using a
KBr beam splitter and an mercury cadmium telluride detector.
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A CO; Sensor Based on a Trivalent Ion
Conducting Sc;/3Zr,(PO4); Solid Electrolyte**

By Shinji Tamura, Nobuhito Imanaka,
Masayuki Kamikawa, and Gin-ya Adachi*

In recent years, global warming caused by CO; gas emis-
sion has become a very serious problem, and the effective
suppression of CO, generated in various industries is ur-
gently required. In order to effectively reduce the amount
of CO, gas emitted into the atmosphere, on-site monitoring
and control of CO; generated from each emitting site are
required. To accomplish this target, commonly used meth-
ods such as infrared spectroscopy are not suitable because
of the large size of the set-up. Therefore, compact sensors
that can be installed at every site are required. Until now,
semiconducting!! and solid electrolyte**) materials have
been proposed for use in compact CO, sensors. However,
with the sensors using semiconductors, the influence of gas
species other than CO; can not be avoided, since their de-
tecting mechanism is based on gas adsorption on the semi-
conductor’s surface. In contrast, solid electrolyte sensors, in
general, have the unique characteristic that only one ion
species can migrate in the solid. Solid electrolytes are used
for various practical applications such as oxygen gas sen-
sors, based on yttria-stabilized zirconia (YSZ), and heart
pacemakers, etc. Recently, a CO, sensor composed of a
Li*-conducting solid electrolyte and YSZ with Li;COj5 as
an auxiliary electrode was reported.[g’gl The CO, concen-
tration was measured by the electromotive force (EMF)
output, which depends strongly on the activity of the Li,O
formed at the interface between the Li* ion conductor and
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